Fragile X syndrome (FXS), a common form of inherited mental retardation, is caused by a loss of expression of the fragile X mental retardation protein (FMRP). FMRP is involved in brain functions by interacting with mRNAs and microRNAs (miRNAs) that selectively control gene expression at translational level. However, little is known about the role of FMRP in regulating miRNA expression. Here, we found a development-dependant dynamic expression of Fmr1 mRNA (encoding FMRP) in mouse hippocampus with a small peak at postnatal day 7 (P7).
Introduction
The FMR1 gene encodes a fragile X mental retardation protein (FMRP) that plays a critical role in brain development and is involved in synaptic plasticity (De Boulle et al. 1993; Huber et al. 2002) . Abnormal FMR1 gene expression results in several neurodevelopmental and neurological disorders including fragile X syndrome (FXS), a common form of inherited intellectual disability (Bailey et al. 2001; Hessl et al. 2005; Jacquemont et al. 2007; O'Donnell and Warren 2002; Verkerk et al. 1991) . Most FXS cases are caused by unstable expansion of the CGG trinucleotide repeat in the promoter region of the FMR1 gene that leads to a low level of FMRP by translational suppression (Feng et al. 1995; Kremer et al. 1991) . A few cases are caused by deleting part or all of the FMR1 gene (Hirst et al. 1995; Trottier et al. 1994) , or by point mutations that lead to a change in one of the amino acids in the gene (Chelly and Mandel 2001; Siomi et al. 1994; Zang et al. 2009 ). FMRP, predominantly expressed in the brain, is involved in synaptic plasticity by transferring mRNAs from nucleus to cytoplasm, localizing dendritic mRNA, and regulating synaptic protein synthesis (Antar et al. 2005; Darnell and Klann 2013; Darnell et al. 2011) .
FMRP-regulated the productions of new proteins in response to synaptic activities at dendrites allow for the various physical changes and frequently-changing synaptic connections that are linked with the processes of learning and memory (Mercaldo et al. 2009; Sidorov et al. 2013 ).
It has been demonstrated that FMRP can selectively bind mRNAs with some degree of sequence specificity (Ashley et al. 1993; Blackwell et al. 2010; Siomi, Choi, Siomi, Nussbaum and Dreyfuss 1994) , and transfer mRNA from nucleus to cytoplasm (Eberhart et al. 1996; Feng et al. 1997) . Generally, FMRP is predominantly localized in the cytoplasm and is occasionally 4 present in the nucleus (Verheij et al. 1993) . However, FMRP is also primarily present in the nucleus during a specific developmental period, implicating an important nuclear role in the brain development (Blonden et al. 2005) .
FMRP is also involved in microRNA (miRNA) pathway by targeting with miRNAs or interacting with the Dicer and Argonaute proteins in the cytoplasm (Duan and Jin 2006; ), suggesting an important role of FMRP in miRNAs maturation. A recent study shows that FMRP-associated miRNAs regulate dendritic spine morphology and synaptic function which are important for the pathogenesis of FXS (Edbauer et al. 2010) . One hypothesis is that a very low level of FMRP resulted from overexpansion of the CGG trinucleotide repeat in FXS patients could lead to abnormal expression of miRNAs that might be involved in the pathogenesis of FXS. It is unknown which specific miRNAs are regulated by FMRP during miRNA maturation. We speculate that the levels of some specific miRNAs might be altered by the lack of FMRP in Fmr1 knockout (KO) mice, which could result in synaptic abnormalities.
However, to our knowledge, there has no comprehensive analysis of the miRNA expression in Fmr1 KO mice or in the brain tissues of FXS patients.
In the present study, we, for the first time, provided a differential genome-wide miRNA profile in the hippocampus of Fmr1 KO mice comparing to that in the wildtype mice. In Fmr1 KO mice, the number and the change extent of the up-regualted miRNAs were larger than those of the down-regulated miRNAs. We then demonstrated that the up-regulations of the miRNAs are resulted from miRNA processing of pri-miRNA into pre-miRNA, instead of miRNA gene transcription. This result indicates a new role of FMRP in the miRNA pathway.
Furthermore, we demonstrated that expressions of the protein-coding mRNAs potentially 5 targeted by those increased miRNAs were down-regulated in the Fmr1 KO mice. Therefore, this study provides a differential miRNA profile in the Fmr1 KO mice that is a model of FXS, and then suggests that the altered miRNAs could be used as potential biomarkers for the diagnosis of this disease.
Results

Dynamic transcription of Fmr1 in the mouse hippocampus
Previous studies have shown that FMRP plays an important role in brain development (Lu et al. 2004; Michel et al. 2004) . To determine the temporal expression pattern of Fmr1 in the mouse hippocampus, we extracted total RNA from the mouse hippocampus at different stages from embryonic day 18 (E18) to postnatal day 60 (P60). We found that Fmr1 mRNA transcripts could be detected at all stages using RT-PCR ( Figure 1A) . The qRT-PCR experiment showed that the relative mRNA expression levels (Fmr1/β-actin) at P1, P7 and P15 were about 0.1, 0.6 and 0.2 fold of that at E18, respectively. No significance was found between E18 and P60 (P > 0.05). Significant alterations (P < 0.001) in the relative mRNA expression levels were observed between two adjacent stages ( Figure 1B) . These data suggest a development-dependant dynamic expression of Fmr1 in the mouse hippocampus.
Altered miRNA expression in the hippocampus of Fmr1 KO mice
we speculate that FMRP might be involved in miRNA expression since FMRP is a selective RNA-binding protein and is associated with miRNA pathway (Ashley, Wilkinson, Reines and 6 Warren 1993; Duan and Jin 2006; Jin, Zarnescu, Ceman, Nakamoto, Mowrey, Jongens, Nelson, Moses and Warren 2004) . However, a genome-wide miRNA profile in the Fmr1 KO mice has not been reported. We initially determined that FMRP was not expressed in the hippocampus of Fmr1 KO mice using Western blot analysis (Figure 2A) . We determined the miRNA expression levels in the hippocampus of 3 Fmr1 KO mice and 3 wildtype mice at P7 by hybridization of the array containing 1080 miRNAs. After normalization of control oligos, the differential expression of miRNAs between the KO mice and the wildtype mice was quantified using a phosphorimager ( Figure 2B) . Compared with the wildtype mice, 38 of the 1080 miRNAs in the KO mice showed up-regulated expression with P value < 0.01. Of them, 33 miRNAs had an increase with about 15~250 folds ( Figure 2C , Table S1 ). Twenty-six miRNAs in the KO mice showed down-regulated expression with a decrease of only about 2~4 folds ( Figure 2C , Table S2 ). According to change extent of the miRNA expression, we suggest that FMRP tends to negatively regulate miRNA expression. To further validate our results, 9 of the most up-regulated miRNAs with changes >100-fold were confirmed by qRT-PCR analysis (Table 1) . We found that all these 9 miRNAs were increased about 40~70 folds in the KO mice ( Figure 3A) .
The up-regulated miRNAs in the hippocampus of Fmr1 KO mice are resulted from miRNA processing of pri-miRNA into pre-miRNA To demonstrate whether the increased miRNAs in the Fmr1 KO mice are resulted from miRNA processing or miRNA transcription, we used qRT-PCR to quantify the pri-miRNA and pre-miRNA of the up-regulated miRNAs. Figure 3B showed that the relative levels 7 (pre-miRNA/U6) of the 9 pre-miRNAs in the KO mice were about 5~10 folds of that in the wildtype mice. However, no significant difference in the relative levels (pri-miRNA/U6) of the 9 pri-miRNAs was observed between the KO mice and the wildtype mice ( Figure 3C) . These data indicate that the up-regulated mature miRNAs in the Fmr1 KO mice are resulted from miRNA processing of pri-miRNA into pre-miRNA, instead of miRNA transcription.
Down-regulation of miRNA target genes in the hippocampus of Fmr1 KO mice
We searched the potential target genes of the altered miRNAs using bioinformatic analysis.
About 5000 genes were predicted as the targets for the 9 up-regulated miRNAs ( Table S3 ). Of them, 392 genes were associated with neuronal function and 4484 genes were associated with other functions (Figure 4A , Table S4 ). Due to the role of FMRP in the brain, we paid more attention to the target genes that are associated with neuronal function. Figure 4B showed that most of the 392 genes had only one potential target for the 9 increased miRNAs and 6 genes had up to 6 targets. Using qRT-PCR analysis, we detected the mRNA transcripts of 9 target genes which are highly expressed in mouse hippocampus according to the public data from Allen Brain Atlas Database (Figure S1) and have 5 or 6 potential microRNA targets in their 3′
UTRs (Table S5 ). We found that the relative mRNA levels of the 9 genes in the hippocampus of the KO mice were all significantly lower than those in the wildtype mice (Figure 5 ), suggesting that the expression of the target genes were down-regulated in the Fmr1 KO mice.
Overexpression of miRNAs down-regulate the reporter gene expression through
interacting with the Met 3′ UTR 8 We selected mouse Met gene as one example to identify the potential miRNA targets described above. Four miRNAs, miR-34b-5p, miR-340-5p, miR-101a and miR-148a-3p, were found to potentially target on the Met 3′ UTR with computer program prediction. Of them, miR-34b-5p had two potential targets (Figure 6A) . To examine whether the 4 miRNAs regulate gene expression, we produced a serial of recombinant constructs psiCHECK2-mMet-F (F indicates different 3′-UTR fragments), which contain one cassette expressing synthetic Renilla luciferase (hRluc) and the other cassette expressing synthetic firefly luciferase (hluc+) that was used as an internal control reporter ( Figure 6B ). We produced a serial of GFP fusion pre-miRNA constructs pCMV-EGFP-pre-miRNA. Luciferase assay showed that the relative luciferase activities (hRluc/hluc+) of psiCHECK2-mMet-F1 cotransfected with pCMV-EGFP-miR-34b in N1E-115 cells and Neuro-2A cells were respectively only ~70% and ~50% of that cotransfected with pCMV-EGFP. The relative activities of psiCHECK2-mMet-F2 cotransfected with pCMV-EGFP-miR-340 in these two cell lines were respectively ~75% and ~66% of that cotransfected with pCMV-EGFP. The relative activities of psiCHECK2-mMet-F3 cotransfected with pCMV-EGFP-miR-148a in these two cell lines were respectively ~73% and ~63% of that cotransfected with pCMV-EGFP. However, no significant difference in luciferase activity was observed in the other transfections ( Figure 6C) . These data show that miR-34b, miR-340, miR-148a could down-regulate the reporter gene expression by interacting with the Met 3′ UTR.
Discussion
In this study, we, for the first time, provide a genome-wide miRNA expression profile in the 9 hippocampus of Fmr1 KO mice using a miRNA microarray containing about 1000 miRNAs, revealing the altered expressions of a number of miRNAs in the KO mice comparing to that in the wildtype mice. By qRT-PCR analysis, we demonstrated that 9 of the up-regulated miRNA with over 100 folds were altered at both the mature miRNA level and the pre-miRNA level, but not at the pri-miRNA level, suggesting that the altered expression of these miRNAs should be resulted from miRNA processing of pri-miRNA into pre-miRNA, instead of miRNA gene transcription. Furthermore, we have also demonstrated that the expressions of the potentially targeted protein-coding genes by the 9 increased miRNAs were down-regulated in the Fmr1 KO mice. The luciferase assay demonstrated that 3 of the 5 targets in the mouse Met 3′ UTR were functional in two cell lines. Together, our results suggest a FMRP-miRNAs-targets pathway that may play an important role in regulating brain development and synaptic plasticity.
FMRP is expressed within neurons throughout the brain, with high levels in hippocampus and cerebellum (Feng, Gutekunst, Eberhart, Yi, Warren and Hersch 1997) . Since FMRP is involved in synapse formation which is important for learning and memory in the hippocampus (Braun and Segal 2000; Guo et al. 2011; Jarrard 1993; Thompson 1986) , we intend to investigate the regulatory role of FMRP only in the hippocampus. Our results show a development-dependant dynamic expression of Fmr1 mRNA in mouse hippocampus with a peak at P7, suggesting an important role of FMRP in the hippocampal development and function. The P7 KO mouse, corresponding to the beginning of human full-term infant (Romijn et al. 1991) , is accepted as a model for the FXS (Bilousova et al. 2009 ), which is the reason why we investigated the miRNA expression profile in the hippocampus of P7 Fmr1 KO mouse 10 in this study.
Using a genome-wide miRNA microarray analysis, we observed that the levels of 68 miRNAs significantly altered (P < 0.01) in the KO mice comparing to that in the wildtype mice, suggesting a critical role of FMRP in selectively regulating miRNA expression. Furthermore, using qRT-PCR experiment, we demonstrate that the highest upregulation (over 100 folds) of the 9 miRNAs in the hippocampus of Fmr1 KO mice are resulted from miRNA processing of pri-miRNA into pre-miRNA, suggesting that FMRP should be involved in pri-miRNA processing in the nucleus. Because it is well known that FMRP shows a nuclear localization and participates in transferring mRNA from nucleus to cytoplasm (Eberhart, Malter, Feng and Warren 1996; Feng, Gutekunst, Eberhart, Yi, Warren and Hersch 1997; Fridell et al. 1996) . In the cytoplasm, FMRP is also involved in miRNAs maturation and the control of target gene translation by targeting with miRNAs or by interacting with the Dicer and Argonaute proteins (Duan and Jin 2006; Jin, Zarnescu, Ceman, Nakamoto, Mowrey, Jongens, Nelson, Moses and Warren 2004). In the nucleus, a protein complex including the nuclear RNase III Drosha initiates miRNA processing (Davis et al. 2008; Han et al. 2004; Lee et al. 2003) , but no description of the involvement of FMRP in the miRNA maturation in the nucleus has been reported till now. Therefore, our results suggest a new role of FMRP in regulating miRNA processing in the nucleus, which may be associated with the protein complex including Drosha.
Future studies are needed to demonstrate this speculation.
Since miRNAs are involved in diverse biological processes by regulating the expressions of numerous protein-coding genes (Lewis et al. 2005; Lewis et al. 2003) , we think that those altered miRNAs in the KO mice might also contribute to the abnormalities in hippocampal 11 development and brain functions by regulating their target genes. Bioinformatic analysis showed that about 5000 genes were potentially targeted by the 9 up-regulated miRNAs and 392 of them were associated with neuronal functions. Using qRT-PCR, we found that the expressions of 9 hippocampal-expressed target genes were down-regulated in the KO mice. To determine the downregulation of the target gene resulted from the increased miRNAs, we carried out a luciferase assay to investigate the multiple targets for miR-34b-5p, miR-340-5p, miR-101a, miR-148a-5p in Met 3′ UTR and found that 3 of the 5 targets in the mouse Met 3′ UTR were functional in vitro, suggesting that the expression of Met might be co-regulated by these miRNAs in vivo, which is evidenced by a previous study that several miRNAs including miR-34b could negatively regulate MET expression in two lung adenocarcinomas cell lines (Migliore et al. 2008) . Other results also showed that MET signaling is associated with brain functions (Judson et al. 2009; Martins et al. 2011) , implicating that those up-regulated miRNAs might play a critical role in FXS by interacting with MET 3′ UTR. Based on the experimental identification of the miRNA targets in mouse Met 3′ UTR, we speculate that most potential miRNA targets in other genes should also be functional, suggesting that a complex FMRP-miRNA-mediated network could contribute to the biological role of FMRP in the hippocampus.
Together, this study suggests that FMRP is involved in the pri-miRNA processing in the nucleus and the FMRP-miRNA-mediated selective downregulation of their target genes in Fmr1 KO mice in which the lack of FMRP might contribute to the brain abnormalities.
Therefore, the altered miRNAs may be used as markers for human FXS, since most FXS cases have a very low level of FMRP that are caused by unstable expansion of the CGG trinucleotide 12 repeat in the promoter region of the FMR1 gene (Feng, Zhang, Lokey, Chastain, Lakkis, Eberhart and Warren 1995; Kremer, Pritchard, Lynch, Yu, Holman, Baker, Warren, Schlessinger, Sutherland and Richards 1991) . Of note, our findings may provide the potential role of miRNAs in the diagnosis of FXS and give further insight in the molecular mechanism of the development of FXS, with possibility for future therapeutic targets.
Methods
Animals
The FVB Fmr1 knockout mice and the FVB wildtype mice were kindly gifted by Dr. Ben A.
Oostra (Erasmus University, Netherland). The animals were fed and reproduced at The Experimental Animal Center of Guangzhou Medical University with a routine animal care.
Only male mice were used for the studies. This study was approved by The Ethical Committee for the use of experimental animals of Guangzhou Medical University.
RNA isolation, RT-PCR and qRT-PCR
Total RNA was extracted from the mouse hippocampus using Trizol reagent (Invitrogen, USA) according to manufacturer's instructions. To remove the DNA contamination, RNA samples were treated with DNase I (Fermentas, USA) at 37°C for 1 hr and underwent a second round of phenol-chloroform extraction and ethanol precipitation. The concentration and purity of total RNA fractions were determined by OD260/280 reading, and the qualities were assessed on 1.0% agarose gel. 13 The first strand of cDNA was synthesized using 2 μ g of total RNA and oligo18T primer with RevertAid® premium first strand cDNA synthesis kit (Fermentas, USA) according to the manufacturer's protocol. The primers for RT-PCR and qRT-PCR were listed in Table S6 .
RT-PCR analyses were performed using DreamTaq PCR Master Mix (Thermo-Scientific, USA) following the cycling reactions: step 1, 94°C for 5 min; step 2, 94°C for 30 sec; step 3, n°C for 30 sec (the exact temperature condition for each reaction was listed in Table S6 ); step 4, 72°C for 40 sec; step 5, repeat steps 2-4 for 28 times; and step 6, 72°C for 7 min. PCR products were assessed on 1.0% agarose gels. The qPCR (real-time PCR) was performed using Thunderbird SYBR qPCR Mix (Toyobo, Japan) and Rotor-Gene TM Q instrument (Qiagen, Germany) according to the manufacturer's protocols. All of the cDNA samples were diluted to 200 ng for qPCR analysis. The level of house-keeping gene β -actin was used as an endogenous control for normalization. The relative quantification of mRNA levels was determined using the Δ Δ CT method (Schmittgen and Livak 2008) .
MicroRNA microarray and data analysis
MicroRNA microarrays were carried out using miRNA Microarray System with miRNA Complete Labeling and Hyb Kit (5190-0456) by Agilent Technologies (http://www.agilent.com). Oligonucleotide arrays were printed with trimer oligonucleotide probes (antisense to miRNAs) specific for 1080 mouse miRNAs using Agilent Microarray Hybridization Chamber Kit (G2534A), and miRNA expression profiling was performed and analyzed as previously described (Chan et al. 2005; Nunez-Iglesias et al. 2010 Hybrid signals were extracted and analyzed by Agilent Feature Extraction software (v10.7).
The data were normalized and removed the unreliable signals by Agilent GeneSpring software.
ANOVA's t test was used to analyze the differentially expressed miRNAs among each group.
The qRT-PCR procedures of miRNAs, pre-miRNAs and pri-miRNAs
The qRT-PCR experiments for miRNAs, pre-miRNAs and pri-miRNAs were performed according to previous descriptions (Liu et al. 2012; Schmittgen et al. 2004) . Briefly, the frist-strand cDNAs of miRNAs were synthesized from 500 ng total RNA using TaqMan
MicroRNA Reverse Transcription Kit (Applied Biosystems, Germany). Bulge-loop™ miRNA qRT-PCR Primer Sets designed by Guangzhou RiboBio (RiboBio, China) contained one RT primer and qPCR primer pairs for 9 miRNAs and U6 rRNA (as a control). For the reverse transcription of pre-miRNAs and pri-miRNAs, a 1 µg aliquot of total RNA was reverse transcribed to cDNA using gene-specific primer mix (listed in Table S6) 
Prediction of miRNA targets and biological annotation analysis
To improve the accuracy of the miRNA target prediction, three computer-aided algorithms including TargetScan (Lewis, Shih, Jones-Rhoades, Bartel and Burge 2003) , miRanda (John et al. 2004 ) and PicTar (Krek et al. 2005) were used in this study. The online website of these computer programs were as follows: http://www.targetscan.org/ for TargetScan, http://www.microrna.org/ for miRanda and http://pictar.bio.nyu.edu/ for PicTar. For online prediction, the 3′ UTRs of all annotated genes were restricted for the prediction of miRNA targets. Mouse 3′-UTR sequences were downloaded form the UCSC genome browser (Kuhn et al. 2007) . Biological annotation analysis for the targeted genes was performed using the MAS 3.0 Program (http://bioinfo.capitalbio.com/mas3/), followed by Gene Ontology (GO) analysis (Tao et al. 2007) .
DNA constructs
Met 3′ UTR fragments (F1 to F4) were amplified from the mouse genomic DNA using primers listed in Table S4 . The PCR products containing F1 to F4 were respectively cloned into the psiCHECK-2 (Promega) at Xho I and Sal I sites to produce a serial of recombinant constructs psiCHECK2-mMet-F (Fig. 6B) . To clone the genomic DNA sequences containing pre-miRNA coding sequences (CDSs), the sequences ranging from about 100 bp upstream and downstream of the pre-miRNA CDSs were amplified from the genomic DNA by using primers shown in Table S6 . The PCR fragments were cloned into the pCMV-EGFP to generate recombinant constructs pCMV-EGFP-miRNAs (Fig. 6B) . 
Western blotting analysis
Protein extracts were prepared from mouse hippocampus using T-PER Tissue Protein 
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Figure Legends
These data of the mRNA levels determined by in situ hybridization were downloaded from the public data from Allen Brain Atlas Database (http://www.brain-map.org/).
